Bestrophin calcium-activated chloride channels (CaCCs) regulate the flow of chloride and other monovalent anions across cellular membranes in response to intracellular calcium (Ca 21 ) levels. Mutations in bestrophin 1 (BEST1) cause certain eye diseases. Here we present X-ray structures of chicken BEST1-Fab complexes, at 2.85 Å resolution, with permeant anions and Ca 21 . Representing, to our knowledge, the first structure of a CaCC, the eukaryotic BEST1 channel, which recapitulates CaCC function in liposomes, is formed from a pentameric assembly of subunits. . Bestrophin proteins constitute a family of CaCCs, distinct from the TMEM16 family [2] [3] [4] , that open their anion-selective pores in response to a rise in the intracellular Ca 21 concentration 5-8 . Bestrophins have broad tissue distribution and, while their physiological roles are not fully known, evidence suggests that they function not only at the plasma membrane but also in other intracellular organelles 7, 9 . Humans have four bestrophin paralogues (BEST1, BEST2, BEST3 and BEST4) that form CaCCs in the plasma membrane when expressed [5] [6] [7] [10] [11] [12] . The highly conserved amino-terminal region of the proteins (amino acids 1-390; .55% sequence identity) is sufficient for CaCC activity 13 . The carboxy-terminal region (amino acids 391-585 of BEST1) has low sequence identity and is predicted to be unstructured. Approximately 200 mutations in BEST1 have been associated with retinal degenerative disorders, most commonly with vitelliform macular dystrophy (Best's disease), but also with other retinopathies 7, [14] [15] [16] [17] [18] [19] [20] . Almost all of these occur within the N-terminal region. Although the steps leading to the disease state are not fully understood, most of the characterized mutations alter electrophysiological properties of the channel 5, 13, 16, [21][22][23][24] . Bestrophin channels bear no discernable sequence homology with other ion channel families and no structural information is available for them. Properties including subunit topology and stoichiometry are unresolved. One recent study using the single-molecule photobleaching technique led the authors to conclude that bestrophins are tetramers 25 , while other experiments suggest pentameric stoichiometry 5 . Partly because CaCC function has yet to be demonstrated using purified protein, there has been some debate about whether bestrophin is a channel or whether it is a modulator of other channels 7 . However, the effects of mutations (for example, see refs 11, 13) bolster the view that assembled bestrophin subunits contain Cl 2 -conducting pore(s) and that pore gating is regulated by direct binding of Ca 21 to a cytosolic region of the channel (K d ,150 nM) that might involve a highly conserved cluster of acidic residues 5, 6, 12, 26,27 . In addition to Cl . Previous results suggest that mammalian BEST1 has permeability to GABA (c-aminobutyric acid) and glutamate and that these permeabilities underlie a tonic form synaptic inhibition in the central nervous system and glutamate release from astrocytes, respectively 30,31 . For a better understanding of the architecture of bestrophin, its mechanisms for ion permeation, ion selectivity and Ca
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Bestrophin calcium-activated chloride channels (CaCCs) regulate the flow of chloride and other monovalent anions across cellular membranes in response to intracellular calcium (Ca 21 ) levels. Mutations in bestrophin 1 (BEST1) cause certain eye diseases. Here we present X-ray structures of chicken BEST1-Fab complexes, at 2.85 Å resolution, with permeant anions and Ca 21 . Representing, to our knowledge, the first structure of a CaCC, the eukaryotic BEST1 channel, which recapitulates CaCC function in liposomes, is formed from a pentameric assembly of subunits. Ca 21 binds to the channel's large cytosolic region. A single ion pore, approximately 95 Å in length, is located along the central axis and contains at least 15 binding sites for anions. A hydrophobic neck within the pore probably forms the gate. Phenylalanine residues within it may coordinate permeating anions via anion-p interactions. Conformational changes observed near the 'Ca 21 clasp' hint at the mechanism of Ca 21 -dependent gating. Disease-causing mutations are prevalent within the gating apparatus.
Ca

-activated Cl
2 channels (CaCCs) are present in most eukaryotic cell types and are implicated in diverse functions including phototransduction, olfactory transduction, neuronal and cardiac excitability, smooth muscle contraction, and epithelial Cl 2 secretion 1 . Bestrophin proteins constitute a family of CaCCs, distinct from the TMEM16 family [2] [3] [4] , that open their anion-selective pores in response to a rise in the intracellular Ca 21 concentration [5] [6] [7] [8] . Bestrophins have broad tissue distribution and, while their physiological roles are not fully known, evidence suggests that they function not only at the plasma membrane but also in other intracellular organelles 7, 9 . Humans have four bestrophin paralogues (BEST1, BEST2, BEST3 and BEST4) that form CaCCs in the plasma membrane when expressed [5] [6] [7] [10] [11] [12] . The highly conserved amino-terminal region of the proteins (amino acids 1-390; .55% sequence identity) is sufficient for CaCC activity 13 . The carboxy-terminal region (amino acids 391-585 of BEST1) has low sequence identity and is predicted to be unstructured. Approximately 200 mutations in BEST1 have been associated with retinal degenerative disorders, most commonly with vitelliform macular dystrophy (Best's disease), but also with other retinopathies 7, [14] [15] [16] [17] [18] [19] [20] . Almost all of these occur within the N-terminal region. Although the steps leading to the disease state are not fully understood, most of the characterized mutations alter electrophysiological properties of the channel 5, 13, 16, [21] [22] [23] [24] . Bestrophin channels bear no discernable sequence homology with other ion channel families and no structural information is available for them. Properties including subunit topology and stoichiometry are unresolved. One recent study using the single-molecule photobleaching technique led the authors to conclude that bestrophins are tetramers 25 , while other experiments suggest pentameric stoichiometry 5 . Partly because CaCC function has yet to be demonstrated using purified protein, there has been some debate about whether bestrophin is a channel or whether it is a modulator of other channels 7 . However, the effects of mutations (for example, see refs 11, 13) bolster the view that assembled bestrophin subunits contain Cl 2 -conducting pore(s) and that pore gating is regulated by direct binding of Ca 21 to a cytosolic region of the channel (K d ,150 nM) that might involve a highly conserved cluster of acidic residues 5, 6, 12, 26, 27 . In addition to Cl . In contrast, the channel is essentially impermeable to the divalent sulphate anion (SO 4 22 ) 7, 28 . Previous results suggest that mammalian BEST1 has permeability to GABA (c-aminobutyric acid) and glutamate and that these permeabilities underlie a tonic form synaptic inhibition in the central nervous system and glutamate release from astrocytes, respectively 30, 31 . For a better understanding of the architecture of bestrophin, its mechanisms for ion permeation, ion selectivity and Ca
21
-dependent gating, and the effects of disease-causing mutations, we have reconstituted CaCC function from purified protein and have determined X-ray structures of BEST1-Fab complexes with Ca 21 and permeant anions.
Crystallization of BEST1-Fab complexes
A construct encompassing amino acids 1-405 of chicken BEST1 (BEST1 cryst ), which shares 74% sequence identity with human BEST1 (Extended Data Fig. 1 ), exhibited good biochemical stability and was selected for crystallization (Methods). Well-ordered crystals formed in the presence of trace amounts (,1 mm) of Ca 21 and required crystallization with a Fab monoclonal antibody fragment that preferentially recognizes the Ca 21 -bound form of BEST1 cryst (Extended Data Fig. 2) . Crystals obtained at pH 8.5 (space group C2) and at pH 4.0 (space group P2 1 ) diffracted X-rays to 3.1 Å and 2.85 Å resolution, respectively (Extended Data Table 1 ). Experimental phases yielded high-quality electron density maps that enabled placement of all the amino acids of Best1 cryst spanning residues 2-367 and nearly all Fab residues (Extended Data Fig. 3 ). The asymmetric units contain five (P2 1 ) or ten (C2) BEST1 subunits and a corresponding number of Fab fragments, and the atomic models are refined to crystallographic free residuals of 0.23 and 0.26, respectively, with good stereochemistry (Extended Data Table 1 and Extended Data Fig. 4) . Structures of the channels are indistinguishable between the crystal forms (root-mean-square deviation 5 0.2 Å ). Except where noted, the discussion of the structure pertains to the P2 1 crystals, which diffract to higher resolution.
Gating and permeability
We studied the function of purified BEST1 cryst by reconstituting it into liposomes and monitoring ion flux using a fluorescence-based assay ( Fig. 1 (Fig. 1b) , which is in agreement with measurements made in cellular contexts 11, 28, 29, 32 . Permeabilities to glutamate, aspartate, gluconate and phosphate were not detected (Supplementary Discussion). Reconstitution of the BEST1 cryst -Fab complex yielded analogous anion permeation properties to BEST1 cryst alone and this indicates that the crystallized complex supports anion flux (Extended Data Fig. 5c ). Our results demonstrate that assembled BEST1 oligomers form anion pores that are directly gated by Ca
21
.
Architecture
The bestrophin channel is a pentamer of five BEST1 subunits symmetrically arranged around a central axis ( 
RESEARCH ARTICLE
high. A single ion pore is located perpendicular to the plane of the membrane, along the channel's axis of symmetry (Fig. 2b) . On the basis of surface hydrophobicity (Extended Data Fig. 6a ), the protein extends just beyond the extracellular side of the membrane and protrudes ,55 Å into the cytosol. Five Fab fragments bind with 1:1 stoichiometry to the cytosolic region at a subunit interface and radiate outward (Extended Data Fig. 4a ). Each subunit crosses the membrane four times, predominately as a-helices but also as extended conformations ( Fig. 2 and Extended Data Fig. 6b ). The secondary structure can be divided into four segments accordingly (segments S1-S4). Each segment contributes to the large intracellular region, which appears to be integral to the channel as a whole rather than a domain separate from it (Fig. 2) . Extending from its ordered N terminus (at Thr 2, Methods), the S1 segment runs below the plane of the membrane, forms a lateral helixturn-helix structural element involving helices S1a and S1b and transitions into the S1c helix that traverses the membrane (Fig. 2) . The S1b helix is amphipathic, with hydrophilic amino acids facing the cytosol and hydrophobic amino acids positioned to interact with the lipid membrane. The S1a-S1b helix-turn-helix element is one component of a 'Ca 21 clasp' from each subunit that binds intracellular Ca 21 (Fig. 2a) . Helices S2a and S2b, which traverse the membrane but are mostly shielded from it, line nearly half of the ion pore (Fig. 2b) . The junction between S2a and S2b occurs near the midpoint of the membrane (Tyr 72, Ala 73 and Glu 74) and exposes the N-terminal end of S2b to the pore. Following S2b, six a-helices (S2c-S2h) form a compact structure that comprises the bulk of the intracellular portion of the channel.
The S3 and S4 segments each contain one cytosolic helix (S3a and S4b) and one transmembrane helix (S3b and S4a). S3a and S3b are roughly parallel to S4b and S4a, respectively, and their junctions in secondary structure are similarly located with respect to their positions along the symmetry axis. The amino acids preceding S4a adopt an extended conformation and span approximately one-third of the transmembrane region, leaving the N-terminal end of S4a exposed to the ion pore. The junction between S4a and S4b, which forms a tight turn and contains the highly conserved cluster of acidic amino acids, comprises the other component of the Ca 21 clasp. Following S4b, amino acids 326-367 adopt an elongated conformation (the 'C-terminal tail') that wraps around the cytosolic portion of two adjacent subunits ( Fig. 2 and Extended Data Fig. 3b ). The C-terminal tail is well conserved among bestrophin orthologues (for example, it has the same length and shares 68% amino acid identity with human BEST1) but its sequence is a distinguishing feature of BEST1-4, possibly signifying a modulatory role that imparts functional differences to these paralogues 7 (Supplementary Discussion).
Ion pore
The pore is ,95 Å long and continuous in the sense that there are no lateral openings through which ions might pass. Portions of the S2, S3 and S4 segments line the pore and its diameter varies along its distance (Fig. 2b ). An ion moving from the extracellular side towards the intracellular side would encounter a wide funnel-shaped 'outer entryway' (,20 Å across) that narrows to a slender 'neck' near the midpoint of the membrane. The outer entryway is lined by amino acids including those from helix S2a, creating a hydrophilic surface that is exposed to the aqueous extracellular environment. The hydrophobic amino acids Ile 76, Phe 80 and Phe 84 protrude from each of the five S2b helices and line the neck of the pore. Exposure of Phe 80 and other amino acids from the S2 segment to the pore is in agreement with previous studies 33, 34 . The region of helix S2b that forms the neck is nearly perpendicular to the membrane plane and angled out slightly such that the neck is perceptively wider at Phe 84, which corresponds approximately to the level of the membrane-cytosol interface (Fig. 2b) .
Below Phe 84, the S2b helices bend slightly and the pore opens into a large 'inner cavity' (approximately 45 Å long and 20 Å across at its widest point) that spans the majority of the channel's cytosolic portion before the pore narrows again to its cytosolic 'aperture' (Fig. 2b) . Amino acids following the bend in S2b contribute to the surface of the inner cavity, which is hydrophilic. Tilted S3a helices also line the inner cavity, narrowing it to the aperture at Val 205.
The Ca 21 clasp
Electron density consistent with Ca 21 was observed within the Ca 21 clasp, which consists of the acidic cluster between S4a and S4b (Glu 300, Asp 301, Asp 302, Asp 303 and Asp 304) from one subunit and the S1a-S1b helix-turn-helix element of an adjacent subunit (Fig. 3) . The assignment of the electron density to Ca 21 is corroborated by the chemistry of coordination and by a corresponding peak in an anomalous difference electron density map (Fig. 3a) . To investigate the possibility of additional Ca 21 binding site(s), and to determine what effect, if any, the low pH of the P2 1 crystal form has on BEST1, diffraction data were collected from crystals grown in the presence of 5 mM Ca 21 at pH 4 and pH 8.5 (P2 1 and C2 forms, respectively), and the atomic models were refined (Extended Data Table 1 ). No differences in the structure of BEST1 were detected and anomalous difference electron density attributable to Ca 21 was observed only in the previously identified Ca 21 site. Together, the five symmetrical Ca 21 clasps resemble a belt around the midsection of the channel, below of the membrane-cytosol interface (Fig. 2a) . Consistent with a high-affinity interaction, Ca 21 is buried by the protein but would become accessible to solvent if S1a-S1b were dislodged. Ca 21 coordination has pentagonal bipyramidal geometry, where bidentate coordination by the side chain of Asp 304 along with the backbone carbonyl oxygen atoms of Ala 10 and Gln 293 and an ordered water molecule align along the vertices of an approximately planar pentagon and the side chain of Asp 301 and the backbone carbonyl of Asn 296 take axial positions (Fig. 3b) Fig. 3b and Supplementary Discussion). The absence of Ca 21 would probably have marked effects on the conformations of the S4a-S4b junction and the S1a-S1b region.
Anion binding
Electron densities at several sites within the ion pore were consistent with bound Cl 2 ions. To distinguish Cl 2 from water or other entities, we collected X-ray diffraction data from crystals grown in 150 mM Br 2 , a permeable anion that is crystallographically identifiable from its anomalous X-ray scattering. Anomalous difference electron density ion is bound adjacent to the N-terminal end of an a-helix where it is stabilized by positive electrostatic potential arising from the oriented peptide dipoles of the helices (Fig. 4b) . The binding in site 1, which is located closest to the extracellular side and at a subunit interface, is stabilized by direct electrostatic interactions with main-chain amide nitrogen atoms at the N-terminal end of helix S4a and by interactions with the side chains of Tyr 68, Tyr 72 from one subunit and Thr 277 of another subunit (Fig. 4c) . Electron density consistent with a water molecule, which coordinates the Cl 2 ion and is itself stabilized by a hydrogen bond with the protein, delineates an approximate trajectory for the Cl 2 into the aqueous environment of the pore (Fig. 4c and Extended Data Fig. 6c) .
Site 2 is located at the base of the outer entryway, above the neck, and its position approximately corresponds to the midpoint of the membrane (Fig. 4e) . The positive dipole at the end of helix S2b makes the only direct electrostatic interaction with the anion. The absence of other interactions is consistent with the weaker anomalous difference electron density observed at site 2 in comparison to sites 1 and 3, and may be indicative of lower binding affinity.
Site 3 is located within the inner cavity at a subunit interface and is within ,5 Å of the main-chain amide nitrogen of Arg 105 at the Nterminal end of helix S2c from one subunit and is within ,4 Å of the side chains of Arg 218 and Ser 219 from the adjacent subunit (Fig. 4d) . Whether these interactions are direct or water-mediated is unclear. Mutations  in or around sites 1-3 (for example, Y72D, L75F, I76V, F80L, F84V , R218S) are associated with eye diseases 19 .
The observed sites would increase the local concentration of anions on both sides of the neck of the pore and this may contribute to anion selectivity. A similar mechanism has been proposed for an anion-selective Cys-loop receptor 38 . In BEST1, the sites appear well suited for monovalent anions (for example, peptide dipoles in sites 1 and 2 provide the only positive electrostatic potential) and this may contribute to the channel's selectivity for monovalent anions over divalent ones. Except for the positively charged pockets that form the anion binding sites, the electrostatic surface of the outer entryway is predominately negative and it would therefore tend to exclude anions other than the ones that can bind in sites 1 and 2 ( Fig. 4a and Extended Data Fig. 6c ). The inner cavity is predominately positive and is therefore a favourable environment for anions that can access it.
The permeability sequence of BEST1 for monovalent anions corresponds with their relative hydration energies, which suggests that the ions become at least partially dehydrated at some point during permeation 7, 39 . In the neck of the pore, the distances between the central axis and Ile 76, Phe 80 and Phe 84 are approximately 3.8 Å , 3.1 Å and 4.0 Å , respectively (measured to atom CG2 of Ile 76 and to the edge of the phenylalanine rings). The electron densities for Ile 76 and Phe 80 are weaker than for Phe 84 (Fig. 4f) , which suggests that there is a degree of 'breathing' of the pore due to side-chain rotamer conformational changes and/or backbone mobility and that the effective diameter of the pore experienced by a permeating anion would be larger than deduced solely from the average positions of these residues. Regardless, an anion passing through the hydrophobic neck would need to be at least partially dehydrated. The relatively low single-channel conductance of bestrophin (,2 pS for Drosophila Best1 (ref. 12)) could be due to an energy barrier imposed by the neck. Congruently, although anions are not observed in the neck, they are poised just outside of it.
The aromatic rings of phenylalanine residues have negative electrostatic potential associated with the face of their p system and positive electrostatic potential associated with their edges. Interaction of a cation 
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with the face of an aromatic ring (the cation-p interaction) has been widely discussed and is important in protein structure and ligand binding (for example, ref. 40). Phe 80 and Phe 84 are positioned such that the edge of each phenylalanine residue interacts with the face of the corresponding phenylalanine from the neighbouring subunit (Extended Data Fig. 7) . Such edge-face interactions are commonly observed in proteins. The arrangement is also such that the electrostatically positive edges of the aromatic rings are oriented towards the central axis of the pore (Fig. 4e and Extended Data Fig. 7 ). This creates positive electrostatic potential along the central axis that could stabilize a permeating anion. The interaction between an anion and the edge of an aromatic ring (the anion-p interaction) is calculated to be energetically favourable and a survey of protein structures indicates that it commonly occurs, for instance where an aspartate interacts with the edge of a phenylalanine [41] [42] [43] . On the basis of these studies, the geometries between the central axis of the pore and the aromatic rings of Phe 80 and Phe 84 are favourable for interactions with anions (Extended Data Fig. 7) 41,42
. As such, a permeating anion may interact electrostatically with Phe 80 and Phe 84 within the neck of the pore and this may contribute to anion selectivity.
Retinopathies and the gating apparatus
While mutations associated with eye disease occur in several areas of BEST1, they are particularly prevalent in or around the Ca 21 clasp and the neck of the pore (Fig. 5a ). This includes mutations of the Ca 21 ligands Asp 301 and Asp 304 and the surrounding acidic residues that are known to impair channel function 6, 13, 26, 27 , as well as mutations within the S1a-S1b element, consistent with the role of this region in sensing intracellular Ca
21
. Mutations within the neck (for example, of Phe 80 and Phe 84) also alter permeation properties of the channel 33, 34 . The narrowness of the neck, its high degree of sequence conservation, and its positioning along the pore nearest to the Ca 21 binding site suggest that the neck forms a gate. Subtle structural changes near the Ca 21 clasp, which we observed between crystals grown using different detergents (Extended Data Fig. 8 ), are correlated with subtle changes in the diameter of the neck, suggesting that there is conformational coupling between the Ca 21 sensor and the gate. We propose that the gate is dilated when Ca 21 is bound and seals shut when Ca 21 is absent (Fig. 5b) . The movements within the gate that switch between conductive and nonconductive states may be limited to side-chain motions or they may be more dramatic. While the Fab does not interact with the Ca 21 clasp, its specificity for the Ca 21 -bound form suggests that Ca 21 -dependent gating also involves long-range conformational changes that may affect the geometry of the pore in other respects.
Conclusion
The X-ray structure of BEST1 reveals the architecture of a eukaryotic Ca or a nearly open state) . In several respects, the channel differs in structure and mechanism from other ion channels. Numerous binding sites for Cl 2 increase its local concentration and probably contribute to selective permeation. Phenylalanine residues that probably serve as part of the channel's gate may also facilitate anion permeation and contribute to anion selectivity via anion-p interactions. The channel's cytosolic aperture may function as a size-selective filter that permits passage of the small anions permeable to BEST1 while preventing large intracellular anions (for example, proteins and nucleic acids) from accessing the positively charged inner cavity and obstructing the permeation pathway. The gating apparatus, which is often mutated in BEST1-related eye diseases, appears to couple the binding of intracellular Ca 21 to dilatation of the centrally located ion gate.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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Cloning, expression and purification of BEST1 cryst . Chicken (Gallus gallus) bestrophin 1 was cloned from cDNA (BioChain) and identified as a promising candidate for protein purification and crystallization from among 30 eukaryotic orthologues of human bestrophin 1 that we evaluated using the fluorescence-detection size exclusion chromatography (FSEC) pre-crystallization screening technique 44 . Guided by sequence conservation, limited proteolysis of purified protein, and predicted secondary structure, a construct spanning amino acids 1-405 of chicken BEST1 was used for crystallization (BEST1 cryst ). cDNA encoding BEST1 cryst was cloned into pPICZ (Invitrogen) and consists of amino acids 1-405 followed by an affinity tag (Glu-Gly-Glu-Glu-Phe) that is recognized by an anti-tubulin antibody (designated YLK) 45 . Transformation into Pichia pastoris, protein expression and lysis was performed as previously described 46 . Lysed cells were resuspended (using ,10 ml of buffer for each gram of cells) in a purification buffer consisting of 50 mM Tris-HCl, pH 7.5, 75 mM NaCl, 75 mM KCl, 0.1 mg ml 21 DNase I (Sigma-Aldrich), a 1:600 dilution of Protease Inhibitor Cocktail Set III, EDTA-free (CalBiochem), and 0.5 mM 4-(2-aminoethyl) benzenesulphonyl fluoride hydrochloride (Gold Biotechnology). 0.14 g of n-dodecyl-b-D-maltopyranoside (DDM; Anatrace) was added per 1 g of cells, the pH was adjusted to pH 7.5 using 1 M NaOH, and the sample was agitated for 45 min at room temperature. Following extraction, the sample was clarified by centrifugation at 43,000g at 12 uC for 40 min and filtered using a 0.45 mm polyethersulphone membrane. Affinity purification was achieved using YLK antibody (IgG, expressed by hybridoma cells and purified by ion exchange chromatography) that was coupled to CNBr-activated sepharose beads according to the manufacturer's protocol (GE Healthcare). 1.0-2.0 ml of resin was added to the sample for each 1 g of P. pastoris cell lysate and the mixture was rotated at room temperature for 1 h. The mixture was then applied to a column support and was washed with ,5 column volumes of a buffer containing 20 mM Tris-HCl, pH 7.5, 75 mM NaCl, 75 mM KCl and 3 mM DDM. Elution was carried out using 4 column volumes of elution buffer: 100 mM Tris-HCl, pH 7.5, 75 mM NaCl, 75 mM KCl, 3 mM DDM and 5 mM Asp-Phe peptide (Sigma-Aldrich). The elution fraction was concentrated to ,2 mg ml 21 using a 100,000 Da concentrator (Amicon Ultra; EMD Millipore) before combining with the Fab. Mass spectrometry and Edman degradation of purified BEST1 cryst indicate that the initial methionine has been removed and that the amino terminus is at Thr 2. Fab production and co-crystallization. A monoclonal antibody (designated 10D10) of isotype IgG1 was raised in mice by the Monoclonal Antibody Core Facility of the Memorial Sloan Kettering Cancer Center and selected for co-crystallization with BEST1 cryst . The antigen used for immunization was BEST1 cryst that had been purified in DDM and digested using the serine protease GluC (Worthington), which removes approximately 20 amino acids from the C terminus of the protein. The antibody selection process included ELISA, western blot, and FSEC analysis to identify antibodies that bound to native BEST1 cryst and not SDS-denatured protein.
The cDNA sequence of the antibody was determined from hybridoma cells by SYD Labs. The antibody was expressed using mouse hybridoma cells, purified by ion exchange chromatography and cleaved using papain (Worthington) to generate the Fab fragment. The Fab fragment was purified using ion exchange chromatography (Mono S, GE Healthcare), dialysed into buffer containing 20 mM Tris-HCl, pH 7.5, 75 mM NaCl, 75 mM KCl, and further purified using size exclusion chromatography (SEC) (Superdex-200 10/300 GL, GE Healthcare) in the same buffer immediately before combination with BEST1 cryst . The purification buffers contained approximately 1 mM Ca
21
, which was present due to impurities and was determined using the Fura-2 calcium indicator (Invitrogen). The protein preparations of BEST1 cryst and Fab (,2 mg ml 21 ) were combined in a molar ratio of 1:1.2 (BEST1 cryst :Fab) such that the concentration of DDM was ,1.5 mM, concentrated using a 10-kDa molecular weight cutoff concentrator (Vivaspin 15R, Sartorius) to ,15 mg ml 21 and purified using SEC. The SEC buffer contained 10 mM Tris, pH 7.5, 75 mM NaCl, 75 mM KCl, and one of the following three detergents: (1) 3 mM 6-cyclohexyl-1-hexyl-b-D-maltopyranoside (cymal-6; Anatrace); (2) 0.5 mM 2,2-bis (39-cyclohexylbutyl) propane-1,3-bis-b-D-maltopyranoside (cymal-6-NG; Anatrace); or (3) 5 mM n-decyl-b-D-maltopyranoside (DM; Anatrace). For crystallization with Br 2 , 150 mM NaBr was used in place of NaCl and KCl. The elution fraction containing the BEST1 cryst -Fab complex was concentrated to ,14 mg ml 21 using a 100 kDa concentrator (Amicon Ultra; EMD Millipore). 50 mM GABA was then added as a crystallization additive and the sample (at ,12 mg ml
) was used for crystallization trials. GABA improved the reliability of obtaining well-formed crystals but was not required for crystallization. For crystallization with additional Ca 21 , 5 mM CaCl 2 was added to the sample before crystallization. Crystals formed in the absence of the Fab but were pathological (poor diffraction, severe anisotropy and crystal twinning).
BEST1 cryst -Fab crystals belonging to the P2 1 space group were obtained using vapour diffusion from protein that was purified in cymal-6 or cymal-6-NG (1:1 ratio of protein:crystallization solution) using a crystallization solution of 0-60 mM NaCl, 50 mM sodium acetate, pH 4.0, 5% (w/v) PEG 4000, and 20% (v/v) glycerol at 20 uC. These crystals were harvested after 5-10 days and flash-cooled in liquid nitrogen. Crystals belonging to the C2 space group were grown by vapour diffusion (1:1 ratio of protein to crystallization solution) using a crystallization solution of 120 mM NaCl, 50 mM Tris, pH 8.5, 8.5% PEG 4000, and 20% glycerol at 25 uC. The crystals were harvested using nylon loops and transferred in a series of five steps to increase the PEG 4000 to 25% before flash-cooling in liquid nitrogen. Diffraction data were collected from crystals cooled at 100 K under a stream nitrogen gas using Pilatus 6M detectors (Dectris) at Brookhaven National Synchrotron Light Source (beamline X25) or the Advanced Photon Source (beamline 24-ID-C). Structure determination. Initial phases (50-6 Å ) were determined using a tantalum bromide-derivatized crystal belonging to the P2 1 space group via the SAD method in SHARP 47 (Extended Data Table 1 , anomalous phasing power 5 1.3 from 50-6 Å and 0.78 in the 6.1-6.0 Å shell). To prepare the tantalum bromide derivative (P2 1 form), solid (Ta 6 Br 12 )Br 2 (Jena Bioscience) was added to crystallization drops containing suitable crystals, and these were incubated at 20 uC for 2 days followed by another addition of solid (Ta 6 Br 12 )Br 2 and further incubation for 3 days. The 'native' C2 crystal was also incubated with a smaller amount of solid (Ta 6 Br 12 )Br 2 for 24 h, but no evidence of tantalum bromide could be detected in electron density maps. Diffraction data were collected using an oscillation angle of ,0.3u and high redundancy was permitted by collecting data from multiple locations throughout the crystals. Diffraction data were processed with HKL3000 48 and resolution limits were assessed using the CC 1/2 statistic 49 . Phases were extended and improved using solvent flattening, histogram matching, and five-fold non-crystallographic symmetry (NCS) averaging with the program DM 50 (yielding a figure of merit 5 0.82 for the resolution range 50-4.4 Å and figure of merit 5 0.78 for 4.5-4.4 Å shell). An atomic model was built using the coot and O software programs 51 and improved through iterative cycles of refinement (using CNS, Refmac, and PHENIX [52] [53] [54] ), making use of bulk solvent, NCS and TLS refinement strategies. Electron density is continuous for BEST1 cryst residues 2-367 and also clear for the Fabs. Initial phases for diffraction data collected from crystals belonging to the C2 space group were determined by molecular replacement (PHENIX 53 ). The atomic model required slight rigid body adjustments to the constant immunoglobulin domains of the Fabs and it was refined in PHENIX, making use of the tenfold non-crystallographic symmetry. Comprehensive model validation was performed with MolProbity 55 (within PHENIX). Data collection and refinement statistics are shown as Extended Data Table 1 . Molecular graphics figures were prepared using the programs PyMOL (http://www.pymol.org/) with the APBS plugin 56 and using the program HOLE 57 . Anion flux assay. For reconstitution into liposomes, BEST1 cryst was purified as described above except that SEC was performed in the absence of the Fab and the SEC buffer consisted of 150 mM NaCl, 20 mM Tris-HCl, pH 8.5, and 3 mM ndecyl-b-D-maltopyranoside (DM). The reconstitution procedure was based on methods described previously 58 . A 3:1 (wt:wt) mixture of POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; Avanti) and POPG (1-palmitoyl-2-oleoylsn-glycero-3-phospho-(1'-rac-glycerol; Avanti)) lipids was prepared at 20 mg ml 21 in one of the two reconstitution buffers indicated below and the lipids were solubilized with 8% n-octyl-b-D-maltopyranoside (Anatrace). The protein was then mixed with an equal volume of the solubilized lipids to give a final protein concentration of 0.1 mg ml 21 and a lipid concentration of 10 mg ml
. Detergent was removed by dialysis (8,000 Da molecular mass cutoff) at 4 uC against a total of 10 l of reconstitution buffer with daily buffer exchanges over a course of 5 days. For the ion permeability experiments (Fig. 1b and Extended Data Fig. 5c ), 10 mM CaCl 2 was added to the protein following SEC and the reconstitution buffer consisted of: 100 mM sodium sulphate, 0.2 mM EGTA, 0.19 mM CaCl 2 and 10 mM HEPES, where the pH was adjusted to 7.0 using NaOH. The free Ca 21 concentration of this buffer was ,2 mM as determined using the Fura-2 calcium indicator (Invitrogen). For Ca 21 gating experiments (Fig. 1a and Extended Data Fig. 5b ), purified protein was used without the addition of CaCl 2 and the reconstitution buffer was: 100 mM sodium sulphate, 1 mM EGTA, 10 mM HEPES, and the pH was adjusted to 8.1 with NaOH. The higher pH of this buffer was necessary to sufficiently chelate Ca 21 using EGTA to close the channel. 'Empty' (lipid only) vesicles were prepared in parallel in the same manner in the absence of protein. Following dialysis, the liposomes were sonicated for approximately 20 s in a water bath, divided into aliquots, and flash-frozen in liquid nitrogen for storage at 280 uC.
Reconstitution of the BEST1 cryst -Fab complex (Extended Data Fig. 5c ) was done in parallel using the same preparation of BEST1 cryst and using the same reconstitution buffer (100 mM sodium sulphate, 0.2 mM EGTA, 0.19 mM CaCl 2 and 10 mM HEPES-NaOH, pH 7.0). For this, BEST1 cryst and Fab were combined in SEC buffer supplemented with 10 mM ARTICLE RESEARCH
